Introduction
A radio frequency identification (RFID) system consists of a reader, a writer, and a tag. Filmtype half-wavelength dipole antennas (shown in Fig. 1 .1) have been used as tag antennas in many applications [1] . The antenna performance is governed by the electric current in the tag. When the abovementioned antenna is mounted on the surface of a metallic object, the radiation characteristics are seriously degraded because of the image current induced in the object. Therefore, studies have been carried out to construct tag antennas that are suitable for use with metallic objects, and some promising antenna types have been proposed. In this chapter, design approaches for metal-proximity antennas (antennas placed in close proximity to a metal plate) are discussed. In Section 2, typical metal-proximity antennas are described. An example of the aforementioned type of antenna is a normal-mode helical antenna (NMHA), which can show high efficiency despite its small size. We focus on the design of this antenna. In Section 3, the fundamental equations used in the NMHA design are summarized. In particular, we propose an important equation for determining the selfresonant structure of the antenna. We fabricate an antenna to show that its electrical characteristics are realistic. In Section 4, we explain the impedance-matching method necessary for the NMHA and provide a detailed description of the tap feed. In Section 5, we discuss the use of NMHA as a tag antenna and provide the read ranges achieved. 
Tag antennas for metal-proximity use
Typical examples of metal-proximity tag antennas are given in Table 2 .1. Some examples of metal-proximity antennas are patch antennas [2] and slot antennas [3] , which can be www.intechopen.com Advanced Radio Frequency Identification Design and Applications 78 mounted on a metal plate. Since these antennas comprise flat plates, the antenna thickness decreases but the size does not small. Another example of a metal-proximity antenna is the normal-mode helical antenna (NMHA) [4] . The wire length of this antenna is approximately one-half of the wavelength, and hence, the antenna is small-sized. Moreover, because this antenna has a magnetic current source, it can be mounted on a metallic plate. The antenna gain increases when the antenna is placed in the vicinity of a metal plate. Because the antenna input resistance is small, a tap-feed structure is necessary to increase the resistance. The feasibility of using very small NMHAs in a tire-pressure monitoring system (TPMS) [5] and metal-proximity RFID tags [6] has been studied. 
80
The existence of a magnetic current source is advantageous for using an antenna in the proximity of a metal plate. The electrical image theory indicates that radiation from a magnetic current source is increased by the existence of a metal plate. Another important feature of an NMHA is its impedance. A small dipole has capacitive reactance, and the small loops have inductive reactance. By appropriate choice of the H, D, and N values, the capacitive and inductive reactances can be made to cancel out each other. This condition is called the self-resonant condition, and it is important for efficient radiation production. In this case, the input impedance becomes a pure resistance. It should be noted that this pure resistance is small, and therefore, an impedance-matching structure is necessary. Moreover, the ohmic resistance of the antenna wire must be reduced to a considerable extent. Important aspects of the NMHA design are summarized in Table 3 .1. Simple equations for R r , R l , E θ , and E φ , which are related to radiation production, have been presented by Kraus [8] . A useful expression for the inductive reactance (X L ) has been developed by Wheeler [9] . However, a correct expression for the capacitive reactance (X C ) has not yet been presented; we plan to develop the appropriate equation for this value. We also compare the theoretical values of the antenna quality factor (Q) with the experimental results. We then consider an important design equation that can be used to determine the self-resonant structures. This equation is derived from the equations for X L and X C , and its accuracy is confirmed by comparison of the calculated and simulated results. Using these equations, we can design small antennas with high gain. Because the radiation patterns are almost constant, the antenna efficiency is important for achieving high gain. Finally, the impedance-matching method is important, and three methods are usually considered. However, in the first method among these, the circuit method, the antenna gain is greatly reduced because of the accompanying ohmic resistances of the circuit elements.
Aspect Features Comments
Equations of electrical characteristics 
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We compare the simulated results with the experimental results. By appropriate choice of the simulation parameters, we can obtain reliable results.
Equations for main electrical characteristics 3.2.1 Equations of electrical constants for radiation
The radiation characteristics of small antennas are estimated from the antenna input impedance, which is given by
Here, R rD is the radiation resistance of the small dipole; R rL , the radiation resistance of the small loops; and R l , the ohmic resistance of the antenna wire. X L and X C are the inductive and capacitive reactances, respectively. The exact expressions for X L and X C will be discussed in the later sections. We now summarize the expressions for the radiation characteristics. a. Small dipole [10] The radiation characteristics of the small dipole are given by the following expressions, in which the structural parameters shown in Fig. 3 .1 are used:
Here, λ is the wavelength. Here, I is the antenna current, R is the distance from the antenna, and k is the wave number. The terms 1/R 2 and 1/R 3 represent the static electric field and the inductive electric field, respectively. The values of 1/R 2 and 1/R 3 decrease rapidly as R increases. The 1/R term indicates the far electric field and corresponds to the radiated electric field. b. Small loop [11] The radiation characteristics of the small loops are given by the following expressions, in which the structural parameters shown in Fig. 3 .1 are used:
Here, a and n indicate the radius of the loop and the number of turns, respectively. The 1/R term represents the radiated electric field. Here, I is the loop antenna current, and S is the area of a loop.
Equations for input reactance of NMHA [12]
The equivalent model of the small dipole and small loops (shown in Fig. 3 .1) cannot be used for the expressions for X L and X C . For the stored electromagnetic power of the NMHA, highly precise electromagnetic models must be developed. 
83
The typical electrical performance of the self-resonant structure is the excited current in the antenna. The peak electrical currents of the resonance are shown in Fig. 3.4 . To illustrate the physical phenomena in detail, sequential N values of 4, 5, and 6 are selected. In the calculation, the feed voltage V is set to 1 V. The current values show a peak near the resonant structures. The current decreases rapidly with an increase in the distance between the resonant structure and the measurement point. The condition X L = X C is important for the production of strong radiation currents. Another important point to be noted is that the peak current values are almost inversely proportional to H. Since V = R in I M , an increase in I M implies a decrease R in . As exepected, R in decreases as H decreases. The calculated inductive reactance X L (Fig. 3.6 ) is rather large: it ranges from 59 Ω to 205 Ω. In this figure, the dependence of X L on the structural parameters (N, D, and H) is explained by taking into account Eq. 
Here, the unit [C] stands for Coulomb. Surface integrals over the side wall, lower disc, and upper disc of the cylinder are evaluated. The calculated Q values are shown in Fig. 3 .8. By comparing the cylinder height coefficients (α) of many resonant structures, we estimated the value of α in the present study to be 0.21.
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The Q values are inversely proportional to H; this trend agrees well with the relationship between I M and H shown in Fig The value derived using Eq. The relationship between Q and C depends on the electric power (We). Two expressions for We are given as follows.
This expression gives the total electric power stored in the +Q and -Q capacitor.
The volume integral gives the electric power in the NMHA. The coefficient ζ is introduced to express the total power. By equating Eqs. (3.10) and (3.11), we obtain an expression for C:
Eq. (3.12) can be converted into an expression based on the structural parameters:
Here, we use the conditions E S = 1.1(E L + E U ) and E S = 2.15E L , on the basis of the simulation results; α is the cylinder height shown in Fig. 3 .7. For the N dependence, we recall the ND 2 term in Eq. (3.6). To model the gradual change of C with N we multiply N by (4.4aH+D) 2 . The expression for X C is obtained from Eq. (3.13):
Here, we use ωε = 1/(60λ) and α = 0.21. Moreover, we set ζ to 7.66 for equating X C with X L at N = 10; see 
Design equation for self-resonant structures [12]
The deterministic equation is given by equating Eqs. (3.7) and (3.14). An important feature of this design equation is that it becomes frequency-independent when the structural parameters are normalized by the wavelength.
To ensure the accuracy of this equation, the calculated results are compared with the curves in Fig. 3.2 . Figure 3 .10 shows this comparison. At N = 10, the curve obtained on the basis of Eq. (3.16) agrees well with that obtained on the basis of the simulation results. At N = 5 and N = 15, small differences are observed between the two curves; however, the maximum difference is less than 9.4%. Thus, Eq. (3.16) is confirmed to be useful. Here, σ is the conductance of the wire metal. If the current is concentrated within the skin depth δ, the ohmic resistance is ( )
Ohmic resistance
Here, α is the coefficient of the tapered current distribution, and d is the wire diameter. 
Input resistances
The simulated input resistances (R in ) of the self-resonant structures are shown in Fig. 3 .14. Here, R in is expressed as follows:
For an R l value of approximately 0.7 Ω, R l .shares the dominant part of R in at H = 0.02 m in Fig. 3 .14 In these small antennas, most of the input power is dissipated as ohmic resistance, and only a small component of the input power is used for radiation. Table 3 .2 gives the details of the input resistances. The calculated results, i.e., the results obtained using Eqs. (3.2), (3.4), and (3.17) , are compared with the simulated results. The R rD +R rL values determined from the aforementioned equations agree well with the simulated results. The calculated and simulated R l values also agree well with each other; in the equation, an α value of 0.6 is used. Finally, the R in values are compared, and the antenna efficiencies (η = (R rD +R rL )/R in ) are obtained. The calculated and simulated results agree well, and thus, the equations are confirmed to be accurate. Moreover, R l has a large negative effect on the antenna efficiency. 
Q factor
The Q factor is important for estimating the antenna bandwidth. The radiation Q factor (Q R ) for electrically small antennas is defined as Q R = stored energy (E sto )/radiating energy (E dis ) (3.21)
For antennas, these energies are expressed by the input impedance:
Therefore, Q imp can be expressed as follows:
Another expression for the Q factor is based on the frequency characteristics; in this case, the Q factor is referred to as Q A :
Here, f c is the center frequency and Δf is the bandwidth. In this expression, a small Q A value indicates a large bandwidth.
McLean [13] gave the lower bound for the Q factor (Q M ): Since (see Table 3 .2) R l is greater than R r (=R rD + R rL ,), R l must be decreased in order to achieve high antenna efficiency. Fig. 3 .16.
It can be seen that η decreases with a decrease in H and D. In this case, we use a very narrow antenna wire (d = 0.05 mm). At points A and B, η is 10% (-10 dB) and 25% (-6 dB), respectively. The relationship between the antenna gain (G A ) and η is given by
Here, G D is the directional gain of the antenna. In electrically small antennas, G D remains almost constant at 1.8 dBi. The antenna gains at points B and A are G A = -4.2 dBi and -8.2 dBi, respectively. Given the small antenna size, these gains are large. Moreover, the gains can be increased if a thicker wire is used. In conclusion, it is possible to achieve a high gain when using small antennas. 
Examples of electrical performance
In order to investigate the realistic characteristics, we fabricated a 0.02λ antenna (point B in Fig. 3.16 ), as shown in Fig. 3 .17. The antenna impedances are measured with and without a tap feed. The tap structure is designed according to the procedure given in Section 4.2.4. Excitation is achieved with the help of a coaxial cable. The coaxial cable is covered with a Sperrtopf balun to suppress the leak current. The measured and calculated impedances are shown in Fig. 3.18 . The results agree well both with and without the tap feed, thereby confirming that the measurement method is accurate. The tap feed helps in bringing about an effective increase in the antenna input resistance. The bandwidth characteristics are shown in Fig. 3.19 ; the measured and simulated results agree well. The bandwidth at VSWR < 2 is estimated to be 0.095%. E θ =-5.6 dBi
Sim. Meas.
Fig. 3.20 Radiation patterns
As can be seen from Fig. 3 .20, the measured and simulated radiation characteristics are in good agreement. The E θ component corresponds to the radiation from the electric current source shown in Fig. 3 .1, and the E φ component corresponds to the radiation from the magnetic current source shown in Fig. 3. 1. There is a 90° phase difference between the E θ and E φ components. Therefore, the radiated electric field is elliptically polarized. Because the magnitude difference between the E θ and E φ components is only 3 dB, the radiation field is approximately circularly polarized. The magnitude of the E θ and E φ components correspond to R rD in Eq. (3.2) and R rL in Eq. (3.4) . The antenna gains of the E θ and E φ components can be estimated by the η value shown in Fig. 3.16 . The value η × G D (G D indicates the directional gain of 1.5) of structure B becomes -4 dBi. This value agrees well with the total power of the E θ and E φ components.
NMHA impedance-matching methods

Comparison of impedance-matching methods
For the self-resonant structures of very small NMHAs, effective impedance-matching methods are necessary because the input resistances are small. There are three well-known impedance-matching methods: the circuit method, the displaced feed method, and the tap feed method as shown in Fig. 4 .1. In the circuit method, an additional electrical circuit composed of capacitive and inductive circuit elements is used. In the displaced feed method, an off-center feed is used. The amplitude of the resonant current (I dis ) is lower at the offcenter point than at the center point (I M ), and hence, the input impedance given by Z in = V/I dis is increased. As the feed point approaches the end of the antenna, the input resistance approaches infinity. This method is useful only for objects with pure resistance. Since the RFID chip impedance has a reactance component, this method is not applicable to RFID systems. In the tap feed method, an additional wire structure is used. By appropriate choice of the width and length of the wire, we can achieve the desired step-up ratio for the input resistance. Moreover, the loop configuration can help produce an inductance component, and therefore, conjugate matching for the RFID chip is possible. This feed is applicable to various impedance objects. 
.1 Configurations of impedance matching methods
The features of the three methods are summarized in Table 4 .1. For the circuit method, the capacitive and inductive elements are commercialized as small circuit units. These units have appreciable ohmic resistances.
If the NMHA input resistances are around 1 Ω, the ohmic resistance values become significant. This method is not suitable for small antennas with small input resistances. For the displaced feed method, the matching object must have pure resistance. The tap feed method can be applied to any impedance object, but it is not clear how the tap parameters can be determined when using this method. 
Method
Design of tap feed structure [14] 4.2.1 Derivation of equation for input impedance
The tap feed method has been used for the impedance matching of a small loop antenna [15] . The tap is designed using the equivalent electric circuit. The tap configuration for the NMHA is shown in Fig. 4 .2. The antenna parameters D and H are selected such that selfresonance occurs at 315 MHz. The tap is attached across the center of the NMHA, and the tap width and tap length are denoted as a and b, respectively. The equivalent electric circuit is shown in Fig. 4.3 . Here, L, C, and R are the inductance, capacitance, and input resistance, respectively. The tap is excited by the application of a voltage V; M A is the mutual inductance between the NMHA and the tap. In the network circuit shown in Fig. 4.3 , the circuit equations for the NMHA and the tap are as follows: 
Rj LM I jMI I jC
Here, the tap inductance (L T ) is given by [16] We label these two solutions α(+) and α(-). For these α values, the resonant points are shown in Fig. 4 .4.
Rin:α(+)
Rin:α(-) Finally, the step-up ratio (γ) of the input resistance can be simply expressed as
The important point to be noted in this equation is that M A has a strong effect on the step-up ratio. In the following section, the calculation method and M A results are presented.
Calculation method and results for mutual inductance
The calculation structure is shown in Fig. 4 .5. B A is the magnetic flux density in the NMHA, and I T is the tap current. M A can be calculated using the following equation [17] : Here, r represents the distance between a point on the tap and a point inside a loop. In this calculation, a current I T exists at the center of the tap wire. Therefore, even if the the magnetic field is applied at point close to the tap wire. 
Design procedure for tap feed
We now summarize the design procedure. First, the self-resonant NMHA structure is determined on the basis of Fig. 3 .2 or Eq. (3.16). Then, the antenna input resistance is estimated using Eqs. 
Antenna design for RFID tag
In this section, the proximity effect of a metal plate on the self-resonant structures and radiation characteristics of the antenna is clarified through simulation and measurement. An operating frequency of 953 MHz is selected, and antenna sizes of 0.03λ-0.05λ are considered. We discuss the fabrication of tag antennas for Mighty Card Corporation [19].
Design of low-profile NMHA [20]
The projection length of the NMHA is reduced by adopting a rectangular cross section, so that the antenna can be used in an RFID tag. The simulation configuration is shown in Fig.  5 .1. The antenna thickness is T, and the size of the metal plate is M. The spacing between the antenna and the metal plate is S. The equivalent electric and magnetic currents are I and J, respectively. E θ and E φ correspond to the radiation from the electric and magnetic currents, respectively.
The most important aspect of the antenna design is the self-resonant structure. The selfresonant structure without a metal plate is shown in Fig. 3 .10. The design equation (Eq. (3.16)) is not effective when a metal plate is present in the vicinity of the antenna. Therefore, the self-resonant structure is determined by electromagnetic simulations. The calculated self-resonant structures are shown in Fig An example of the input impedance in the structure indicated by the triangular mark at T = 3 mm is shown in Fig. 5.3 . At 953 MHz, the input impedance becomes a pure resistance of 0.49 Ω. Because the antenna has a small length of 0.04λ, the input resistance is small. The radiation characteristics are shown in Fig. 5.4 . To simplify the estimation of the radiation level, the input impedance mismatch is ignored by assuming a "no mismatch" condition in the simulator. The dominant radiation component is E φ ,, which corresponds to the magnetic current source. Surprisingly, an antenna gain of -0.5 dBd is obtained under these conditions. Here, the unit dBd represents the antenna gain normalized by that of the 0.5λ dipole antenna. The high gain is a result of the appropriate choice of the ohmic resistance (R l ) on the basis of the radiation resistance (R r ). R l is determined from the antenna wire length and d given by Eq. (3.19) . Here, because R r is 0.24 Ω, R l should be smaller than this value. To achieve a small ohmic resistance, d should be made as large as possible. When d is 0.8 mm, R l is 0.25 Ω, and hence, a radiation efficiency of about 50% is achieved. This antenna gain confirms that a small rectangular NMHA in close proximity to a metal can be used in several practical applications. 
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The important antenna gain characteristics for the self-resonant structures are shown in Fig. 5 .5. It is noteworthy that the E φ components are dominant, while the E θ components are less than -20 dBd. There is no difference in the antenna gain even when N is changed. For large T values, a high antenna gain is achieved. When T is 3 mm, the gain is expected to be comparable to that of a 0.5λ dipole antenna. Moreover, the antenna gain remains constant for different values of L. Hence, excellent antenna gains may be obtained for small antenna sizes such as 0.03λ.
Practical antenna characteristics
A high gain can be expected for a small NMHA. However, because the input resistance of such an antenna is small, an impedance-matching structure is required for practical applications. A tap-matching structure is used for a 50-Ω coaxial cable, as shown in Figs The important radiation characteristics observed when the antenna is placed near a metal plate are shown in Fig. 5.10 . The separation S in this case is 1 mm. A square metal plate with a size of 0.5λ is used. The E φ component is dominant when the antenna is in close proximity to the metal plate. A high antenna gain of -0.5 dBd is achieved. The E φ level in the presence of the metal plate exceeds that in the absence of the metal plate by about 10 dB. The usefulness of the NMHA in a metal-proximity application is verified. At the same time, the intensity of the E θ component decreases to -11 dBd. This shows that the electrical current source does not work well under metal-proximity conditions. 
RFID tag antenna
In order to use the rectangular NMHA as a tag antenna, the input impedance must be matched to the IC impedance of Z IC = 25 -j95 Ω. Therefore, the antenna size and tap size are modified as shown in Fig. 5.11 . The tap length is increased to obtain the necessary inductance for achieving conjugate matching with the IC capacitance. The spacing between the antenna and the metal plate is set to 1.5 mm. A 0.5λ square metal plate is used. The impedance-matching process is shown in Fig. 5 .12. The tap length (T3) is important for matching the impedance to the IC. Almost complete conjugate matching can be achieved at T3 = 17 mm. To estimate the antenna gain of this structure, we evaluate the radiation characteristics; the results are shown in Fig. 5.13 . The antenna input impedance is designed to be Z ANT = 25 + j95 Ω. To simplify the radiation intensity calculation, the input-impedance mismatch is ignored by adopting the "no mismatch" condition. An antenna gain of -0.4 dBd is obtained in this case. Therefore, the electrical performance is expected to be comparable to that of conventional tags. On the basis of these results, we fabricate an actual antenna with a help of Mighty Card Corporation, as shown in Fig. 5 .14. This antenna is composed of a copper wire with a diameter of 1 mm. The IC is inserted into the tap arm. The antenna and IC are placed on a piece of polystyrene foam attached to the metal plate. The thickness of the foam is 1.5 mm, and the size of the square metal plate is 0.5λ.
Read-range measurement
The read range is measured using the set-up shown in Fig. 5 .15. A commercial reader antenna is used for transmitting and receiving. This reader antenna is connected to a reader unit and a computer. When the tag information is read, the tag number is shown on the computer screen. Read-range measurements are conducted by changing the distance between the reader antenna and the tag. The distance at which the tag number disappears is considered to be the read range. These read ranges might be affected by the height pattern at the measurement site, and hence, the height of the tag is so chosen that the highest possible electrical strength is obtained. 
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The measured read ranges are summarized in Table 5 .1. For conventional antennas placed in a free space, read ranges of 9 m are obtained. In the case of a metal proximity use, read ranges become very small. For the NMHA, read ranges of 6 m and 15 m are obtained without and with the metal plate, respectively. The reason of this read range increase is attributed to the antenna gain of Fig. 5.13 . The effectiveness of the tag is confirmed by the aforementioned read-range measurement. 
Conclusions
A normal-mode helical antenna (NMHA) with a small size and high gain is proposed for use as an RFID tag antenna under metal-plate proximity conditions. The important features of the design are as follows:
1. Fundamental equations for important electrical characteristics have been summarized, and useful databases have been shown. 2. The antenna efficiency, which is related to the structural parameters, is important for achieving high antenna gain. 3. A simple design equation for determining the self-resonant structures has been developed. 4. For the fabrication of an actual antenna, the tap feed has been carefully designed so that a small input resistance is obtained. 5. A simple design equation for determining the tap-feed structures has been developed. 6. A small RFID tag antenna that can be used under metal-plate proximity conditions has been designed. 7. A read range superior to that of conventional tags has been achieved.
